Background: In most cells, the cilium is formed within a compartment separated from the cytoplasm. Entry into the ciliary compartment is regulated by a specialized gate located at the base of the cilium in a region known as the transition zone. The transition zone is closely associated with multiple structures of the ciliary base, including the centriole, axoneme, and ciliary membrane. However, the contribution of these structures to the ciliary gate remains unclear. Results: Here we report that, in Drosophila spermatids, a conserved module of transition zone proteins mutated in MeckelGruber syndrome (MKS), including Cep290, Mks1, B9d1, and B9d2, comprise a ciliary gate that continuously migrates away from the centriole to compartmentalize the growing axoneme tip. We show that Cep290 is essential for transition zone composition, compartmentalization of the axoneme tip, and axoneme integrity and find that MKS proteins also delimit a centriole-independent compartment in mouse spermatids.
Introduction
Compartmentalization of cellular processes is a critical aspect of cell biology. In many cases-such as in mitochondria and the ER-a semipermeable membrane surrounds an organelle to create a compositionally distinct compartment. In other cases, such as in the nucleus and cilium, the lumen of the organelle is continuous with the cytoplasm and compartmentalization is achieved by a specialized gate at its cytoplasmic interface [1] . The ciliary gate is found in a region known as the transition zone at the base of the cilium. Within the transition zone, axonemal microtubules are crosslinked to the surrounding membrane and components of the ciliary gate mediate attachments between the axoneme, ciliary membrane, and centriole, giving the impression that the transition zone is a static and rigid structure [2] .
Aside from housing the ciliary gate, the transition zone is the site of multiple ciliary activities [3] . As such, the transition zone is compositionally diverse and it is unclear which of its components comprise the ciliary gate. However, recent studies have suggested that genes mutated in the ciliopathies nephronophthisis (NPHP) and Meckel-Gruber syndrome (MKS) encode proteins that comprise two distinct modules essential for ciliary gate function [4] [5] [6] [7] .
Centrioles and basal bodies, as well as cilia and flagella, are synonymous terms in different cellular contexts [8] . For simplicity, we maintain the terms centriole and cilium throughout the text. Cilia can be divided into two types based on the location of the axoneme. In compartmentalized cilia, such as Drosophila sensory cilia, the entire axoneme is assembled and maintained within a membrane-bound compartment projecting from the transition zone at the distal end of a centriole ( Figure 1A ) [1, 11, 12] . Cilia formed by compartmentalized ciliogenesis require intraflagellar transport (IFT) to move cargo through the transition zone [13] , and IFT machinery directly interacts with transition zone proteins [14] . Thus, the centriole, IFT, and the transition zone are generally essential for compartmentalized ciliogenesis.
In cytoplasmic cilia, such as in mammalian and Drosophila spermatids and microgametes of the malarial parasite Plasmodium, the axoneme is found in the cytoplasm and the centriole is not attached to the cell or ciliary membrane ( Figure 1B ) [15] [16] [17] . In Drosophila spermatids, the axoneme is initially composed of bare microtubules and later acquires its mature composition by incorporating proteins in the cytoplasm [15, 18] . Furthermore, IFT is not essential for cytoplasmic axoneme formation in Plasmodium microgametes and Drosophila spermatids [19] [20] [21] . Thus, the separation of the centriole from a membrane-bound compartment and dispensability of IFT appear contradictory for a role of compartmentalization in cytoplasmic ciliogenesis.
Interestingly, electron microscopy of spermatids in various insects including Drosophila identifies a membranous cap-like structure associated with the growing axoneme tip [18, 22] . This, structure, which we refer to as the ciliary cap, is morphologically similar to a typical compartmentalized cilium ( Figure 1C ). Furthermore, mutations in candidate Drosophila transition zone proteins result in defects in spermatogenesis [23] [24] [25] , and many MKS module genes are highly expressed in Drosophila testes [26] . Together, these observations suggest that transition zone components-which are typically implicated in cilium compartmentalization-may also be involved in the formation of cytoplasmic cilia.
Here, we provide insight into the mechanism by which transition zone proteins function in cytoplasmic ciliogenesis. We show that MKS module proteins comprise a ciliary gate that migrates to compartmentalize the growing axoneme tip in Drosophila spermatids. Our findings provide an example whereby the ciliary gate is dynamically associated with the surrounding ciliary architecture to sustain a compartment housing the site of axoneme assembly.
Results
In vertebrates and C. elegans, NPHP and MKS module genes are essential for transition zone function [4] [5] [6] , but few of these *Correspondence: tomer.avidorreiss@utoledo.edu genes have been identified in Drosophila [9, 10] . Using BLAST reciprocal best hit, we identified orthologs of all but one gene of the MKS module in the Drosophila genome. However, we were only able to identify two peripheral NPHP module components ( Figure 1D ). Interestingly, these modules appear to be functionally redundant in organisms containing both modules. In C. elegans, for example, dramatic ciliary defect is only observed in mutants containing a mutation in each module [4, 27] . Our inability to identify core NPHP genes such as NPHP1, NPHP4, and NPHP8 implies that, in Drosophila, there is reduced functional redundancy at the transition zone.
Cep290 Is a Transition Zone Protein Essential for Compartmentalized Sensory Cilium Formation
In Drosophila, the mechanosensory transduction machinery that mediates proprioception is housed within a sensory cilium (Figure 2A ). Consequently, ciliary mutants exhibit a distinctive adult proprioception deficit [19, 29] . In a collection of ethylmethanesulfonate-mutagenized lines [30] , we identified cep290 mecH , a recessive loss-of-function mutant of cep290 that exhibits severe proprioception deficit ( Figures 2B and  2C ). This proprioception deficit was rescued by transgenic expression of wild-type Cep290 and Cep290-GFP under control of the cep290 promoter ( Figure 2C ; Movie S1 available online).
To analyze cep290 mecH sensory cilium functionality, we recorded the mechanoreceptor current (MRC) and transepithelial potential (TEP) from thoracic mechanosensory bristles. Mutations that affect the neuronal sensory cilium show a defective MRC [19, 20] . In contrast, mutations that affect accessory cells of the mechanosensory organ also abolish the TEP [31] . We found that cep290 mecH bristles transduce no MRC ( Figures 2D and 2E ) but possess robust TEPs (Figure 2F) , suggesting that cep290 mecH has a severe and specific ciliary defect. To test this, we labeled sensory neurons and their cilia by expressing GFP-a1-tubulin84B and the centriolar marker Ana1-tdTomato via a panneuronal promoter and found that cep290 mecH mechanosensory neurons have dendrites, but these dendrites lack tubulin labeling of their cilia ( Figure 2G ).
Mechanosensory neurons have two centrioles (mother and daughter) at the tip of their dendrites. Of these, only the mother centriole nucleates a cilium. Interestingly, although the length distribution of Ana1-tdTomato in the daughter centriole was normal in cep290 mecH , its distribution in the mother centriole was abnormally long (Figures 2H and 2I ).
Cep290 localizes to the transition zone in vertebrates and Chlamydomonas [32, 33] . Similarly, we found that Cep290-GFP localizes to the transition zone at the tip of the mother centriole in Drosophila sensory cilia ( Figure 2J ). Together, our findings in sensory neurons demonstrate that Drosophila Cep290 localizes to the transition zone and is essential for compartmentalized ciliogenesis.
Cep290 Is Important for Sperm Cytoplasmic Ciliogenesis
Electron microscopy of cep290 mecH revealed that developing spermatid axonemes are frequently absent or structurally defective ( Figures 3A-3C and S1A). Such structural defects are not observed in centrioles of cep290 mecH spermatocytes or spermatids ( Figures 3D and 3E) , suggesting that the axoneme defect does not originate in the centriole. Further, similar to sensory cilia, the length distribution of centriolar proteins is increased in cep290 mecH sperm ( Figures 3F, 3G , and S1B-S1E). This increase is not observed in young spermatocytes that have not yet given rise to a cilium (Figures 3F  and 3G ; stage 2a). Despite this, testis and mature spermatid length are normal in cep290 mecH ( Figures S1F-S1H ). Together, these findings demonstrate that Cep290 is important in sperm cytoplasmic ciliogenesis. 
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B9d1 to primary cilia, triggering the elongation of both the centriole and the primary cilium. During meiosis, the centrioles retract from the cell membrane into the cytoplasm, forming an invagination of the cell membrane that remains associated with the primary cilium at the distal end of the centriole. As the spermatid differentiates, the axoneme elongates and matures within the cytoplasm by incorporating structural proteins. Although most of the axoneme is not surrounded by the cell membrane, its distal growing tip always remains associated with a membranous cap derived from the spermatocyte primary cilium. This membranous cap, which we refer to as the ciliary cap, resembles a typical compartmentalized cilium [15, 18, 35] (Figure 1C ).
We analyzed Cep290-GFP localization during spermatogenesis. In early spermatocytes, centrioles are not attached to the cell membrane and Cep290-GFP is not detectable ( Figure 4B ; stage 2a). As spermatocytes differentiate, ciliogenesis begins with the centrioles migrating to the cell membrane, where Cep290-GFP appears as a focus at the membrane-associated tip of each centriole ( Figure 4B ; stages 2b and 3/4). Subsequently during primary cilium formation, both the centriole and the region defined by Cep290-GFP elongate until centriole length reaches w2 mm and Cep290-GFP length reaches w1 mm just prior to meiosis ( Figure 4C ; stage 6). Staining with anti-acetyl-tubulin, a marker of the primary cilium [35] , colocalizes precisely with Cep290-GFP, suggesting that the spermatocyte primary cilium is homologous to a transition zone.
In early spermatids, the ciliary cap and associated cell membrane invagination are just distal to the centriole and Cep290-GFP ( Figure 4D ). As the membrane invagination moves away from the centriole, Cep290-GFP remains associated with the invagination and migrates away from the centriole ( Figure 4E ). Staining with anti-acetyl-tubulin demonstrates that Cep290-GFP is consistently located w2 mm away from the axoneme's distal tip ( Figures 4F and 4G ). Interestingly, anti-acetyl-tubulin staining distinctly marked three axoneme segments: the ciliary cap segment at the distal w2 mm of the axoneme stained most intensely; the segment marked by Cep290-GFP stained minimally; and the cytoplasmic axoneme segment stained with intermediate intensity (Figures 4F-4I ).
MKS Module Proteins Label the Spermatocyte Primary Cilium and Base of the Spermatid Ciliary Cap
Altogether, the spatial and temporal dynamics of Cep290 localization suggest that assembly of a transition zone at the . Centriole length is normal before the onset of ciliogenesis (S2a). Stages described in [34] . The scale bars represent 10 mm and 1 mm. (G) Quantification of Ana1-GFP length. n R 40. Shown as mean 6 SEM. ***p < 0.001. Also, see Figure S1 .
distal end of spermatocyte centrioles initiates axoneme assembly. After meiosis, this transition zone migrates away from the centriole along the growing axoneme to remain localized at the base of the ciliary cap. Therefore, we hypothesize that this migrating transition zone functions to maintain the ciliary cap as a distinct compartment housing the growing axoneme tip. To test this, we engineered flies expressing Mks1-GFP, B9d1-mRFP, and B9d2-GFP and found that these proteins also label the spermatocyte transition zone ( Figure 5A ) and the migrating base of the spermatid ciliary cap ( Figure 5B ), suggesting that the ciliary cap contains a true transition zone.
Cep290 Is Required for Transition Zone Assembly and Ciliary Cap Structure
We next examined the spermatocyte primary cilium in cep290 mecH . We found that, although spermatocyte centrioles remain associated with the cell membrane ( Figure S2A ), the size of the spermatocyte primary cilium was significantly reduced as labeled by anti-acetyl-tubulin and B9d1-mRFP ( Figures S2B and S2C) . Furthermore, cep290 mecH spermatocyte primary cilia lacked organized axonemal microtubules ( Figures 5C and 5D ). Thus, Cep290 is required for the proper formation of the spermatocyte primary cilium/transition zone.
We then studied the spermatid ciliary cap in cep290 mecH . We found that cep290 mecH spermatids faithfully formed the membrane invagination of the ciliary cap ( Figure S2D ) and antiacetyl-tubulin staining resulted in a similar profile to control spermatids ( Figures 5E and S2E) , suggesting that the cep290 mecH spermatids form a ciliary cap. Ultrastructural analysis of the ciliary cap near the transition zone in late elongating spermatids ( Figure 5F ) found that the axoneme was normal in 91% (n = 22) of control, and identified vague links connecting the axonemal microtubules to the ciliary membrane. In contrast, 8% (n = 12) of ciliary cap axonemes exhibited normal structure in cep290 mecH ( Figure 5G ). We also found that B9d1-mRFP, Mks1-GFP, and B9d2-GFP localization at the ciliary cap was abnormal in cep290 mecH ( Figure 5E ). Whereas these markers were focused at the base in control spermatids, they were diffuse along the ciliary cap in cep290 mecH . Nevertheless, sum Mks1-GFP and B9d2-GFP fluorescence was not altered (Figures S2F-S2H ) in cep290 mecH , suggesting that Cep290 is required to concentrate Mks1 and B9d2 at the base. Together, these data suggest that, although Cep290 is dispensable for the association of centrioles or the axoneme with the ciliary membrane and for ciliary cap formation, Cep290 is required for proper transition zone assembly.
Cep290 Is Essential for Compartmentalization of the Ciliary Cap
Next, we investigated whether the ciliary cap is a distinct cellular compartment. Whereas the nonionic surfactant Triton X-100 permeabilizes both the cell membrane and the ciliary membrane, low concentrations of the glycoside digitonin permeabilize the cell membrane without disrupting other membrane-bound organelles [36] . Thus, we developed an assay to differentially permeabilize the cell and ciliary cap membranes and analyzed compartmentalization by staining the axoneme with anti-acetyl-tubulin. We found that treatment of spermatids with Triton X-100 permeabilized both the cell membrane and ciliary cap membrane, allowing for antiacetyl-tubulin staining of the entire axoneme ( Figures 6A and  S3A ). On the other hand, digitonin permeabilization permitted staining of only the cytoplasmic axoneme segment and not of the ciliary cap ( Figures 6B and S3B) . The inability of antiacetyl-tubulin to label the ciliary cap axoneme segment after treatment with digitonin demonstrates that digitonin preferentially permeabilizes the cell membrane without disrupting the ciliary cap membrane and suggests that diffusion into the ciliary cap is restricted at its base.
Next, we examined the role of Cep290 in ciliary cap compartmentalization. For this, we developed a two-step permeabilization protocol and labeled anti-acetyl-tubulin with two different conjugates to visualize the cytoplasmic and ciliary cap axoneme segments distinctly. First, we used digitonin to preferentially permeabilize the cell membrane and labeled the cytoplasmic axoneme segment with anti-acetyl-tubulin and Alexa Fluor 647 to saturation. Subsequently, we permeabilized the ciliary cap membrane with Triton X-100 and labeled the freshly exposed ciliary cap axoneme segment with antiacetyl-tubulin and DyLight405 ( Figure S3C ). As a proof of principle, in control spermatids, postdigitonin staining specifically labeled the cytoplasmic axoneme segment whereas postTriton X-100 staining specifically labeled the ciliary cap (Figure 6C, left) . We applied the same protocol to cep290 mecH and found that postdigitonin anti-acetyl-tubulin stained both the cytoplasmic and ciliary cap axoneme segments, suggesting that the integrity of ciliary cap compartmentalization is compromised in cep290 mecH ( Figure 6C, right) . MKS module transition zone proteins exhibit a dual function in cilium compartmentalization. Besides creating a barrier to cytoplasmic entry into the ciliary compartment (cytosolic diffusion barrier), some MKS module proteins are also required to restrict the exchange of the cell and ciliary membrane (membrane diffusion barrier) [5] . Thus, the entry of soluble antibody into the ciliary cap in cep290 mecH ( Figure 6C , right) may either be due to a defect in the cytoplasmic diffusion barrier at the base of the ciliary cap or to a compromise in the membrane diffusion barrier that allows the mixing of cell and ciliary cap membranes, thereby rendering the membrane of the ciliary cap sensitive to digitonin.
We analyzed ciliary cap membrane integrity in cep290 mecH by examining the distribution of membrane markers along the cell membrane invagination containing the ciliary cap. This invagination is composed of both a cell membrane domain and a ciliary cap membrane domain ( Figures 6D and  6E) . Importantly, the ciliary cap domain is enveloped by the cell membrane invagination and is therefore composed of two layers of external membrane. We visualized and quantified the amounts of membrane in each domain by observing the differential signal intensities achieved by staining with the general membrane stain CellMask ( Figures 6F and 6G ) [37] . We analyzed the distribution of CellMask along both domains in cep290 mecH and found that CellMask staining resulted in similar signal distribution to control spermatids. Interestingly, however, CellMask marked a distinctly shorter ciliary cap in cep290 mecH . As expected ( Figure 5C ), Mks1-GFP was delocalized from its focus at the ciliary cap transition zone and was instead distributed along the entirety of the ciliary cap (Figures 6H and 6I) . These experiments establish CellMask as a reliable and quantitative marker for the ciliary cap membrane. Considering this, we analyzed the integrity of the ciliary cap membrane diffusion barrier by measuring the distribution of peripheral membrane proteins including Sktl-YFP [38] , Src-GFP, and Ack-mCherry [39] (Figure S3D) . We found that all three markers were distributed evenly along the cell membrane and cell membrane invagination in both control and cep290 mecH spermatids. Importantly, these markers were not enriched in the ciliary cap membrane (Figures S3E-S3I) , indicating that the ciliary cap membrane diffusion barrier is not compromised in cep290 mecH . Together, our findings suggest that Cep290 functions at the ciliary cap transition zone to create a cytoplasmic compartment housing the growing axoneme tip in Drosophila sperm.
Cep290 and MKS1 Mark a Cytoplasmic Axoneme Segment in Mouse Spermatids
Mammalian spermatids also contain both a cytoplasmic axoneme segment and a distal segment that is closely associated with a membrane ( Figure 7A ) [17] . The interface of the cytoplasmic and membrane-bound axoneme segments is marked by a structure known as the annulus, which has been implicated in separating adjacent membrane domains [40] . However, it is unknown whether a transition zone compartmentalizes the membrane-bound axoneme segment in mammalian spermatids. Considering our findings in Drosophila, we hypothesized that MKS module transition zone proteins also delimit the membrane-bound segment of mammalian spermatid axonemes. To test this, we stained mouse spermatids with antibodies against CEP290, MKS1, and TCTN1 as well as Sept4, a marker of the annulus [41] . We found that anti-CEP290, anti-MKS1, and anti-TCTN1 stained the spermatid centrioles near the nucleus, demonstrating that all three markers recognized their expected epitopes under our experimental conditions ( Figures  7 and S4 ). In addition, we found that both anti-CEP290 and anti-MKS1 stained a structure at the base of the membranebound axoneme segment near the annulus (Figures 7B-7D) . As a specificity control, staining of anti-CEP290 and anti-MKS1 was blocked by competition with epitope-specific peptides ( Figures 7C-7E, S4E , and S4F). These observations imply that the distal end of mammalian spermatid axonemes is also compartmentalized in an MKS module-dependent manner.
Discussion
In most species, ciliary gate function is dependent on both the NPHP and MKS modules, which exhibit some redundancy at the transition zone [4] [5] [6] . However, mutation of MKS module genes in humans is associated with more-severe ciliary disease than is mutation of the NPHP module, suggesting that the MKS module plays a more basic role in cilium formation or function. Consistent with this, we were unable to detect core genes of the NPHP module in Drosophila, implying that the MKS module is sufficient for cilium compartmentalization and that compartmentalization can be achieved by a relatively small subset of proteins.
Classically, the transition zone has been regarded as a characteristic of the ciliary base that is restricted to the distal end of the centriole. Indeed, a mechanism involved in anchoring transition zone proteins to the centriole has been recently described [12] . However, our work demonstrates that the transition zone can function independently of the centriole and suggests that the transition zone, and not the centriole, is the determining factor in positioning the ciliary compartment along the axoneme. The assembly of the transition zone upon the distal ends of centrioles prior to cytoplasmic axoneme elongation in Drosophila spermatids suggests that initial transition zone assembly requires the centriole. However, as the axoneme elongates, this transition zone becomes spatially separated from the centriole and continuously migrates to compartmentalize the growing axoneme tip. The spatial separation between the centriole and the ciliary cap demonstrates that the transition zone can function free of centriolar association and while constantly migrating relative to the growing axoneme to create a centriole-independent ciliary compartment.
Transition zone migration may also underlie centriole elongation. In normal spermatocytes, the centriole continues to elongate after the assembly of the transition zone upon its distal end. Because centrioles are not known to grow at their proximal ends, centriole elongation likely occurs by transition zone migration along the axoneme, followed by the expansion of centriolar proteins over freshly exposed axonemal microtubules. The excessive length distribution of centriolar proteins observed in cep290 mecH spermatocytes may result from an impairment in the transition zone barrier, allowing centriolar proteins to aberrantly expand along the axoneme at the expense of the transition zone. This interpretation is consistent with our observation that transition zone size is decreased in cep290 mecH . The base of the ciliary cap may contain additional proteins besides those of the MKS module. Previously, it was shown that two proteins, Uncoordinated and Chibby, are found simultaneously in both the centriole and at a distal focus, presumably the ciliary cap [24, [42] [43] [44] . Although the role of these proteins at the ciliary cap remains unclear, it is possible that they cooperate with the MKS module in ciliary cap compartmentalization. Furthermore, another structure associated with the base of the ciliary cap, referred to as the ring centriole, has been described in insects by electron microscopy. It was proposed that the ring centriole is homologous to a structure known as the annulus of mammalian sperm [22] . However, unlike the transition zone, the ring centriole/ annulus seems to be localized outside of the ciliary cap on the cytoplasmic side of its base and does not appear to contact the axoneme [22, 45] . Considering this, we speculate that the ring centriole is a distinct structure from the transition zone and that MKS proteins are not part of the ring centriole but are instead components of the ciliary cap transition zone as in compartmentalized cilia. In support of this, we observed that CEP290 and MKS1 do not precisely colocalize with Sept4 in mouse spermatids. In compartmentalized cilia of C. elegans, Chlamydomonas, and vertebrates, transition zone ultrastructure is characterized by features known as ''Y-links,'' which are thought to mediate attachments between the axoneme and ciliary membrane [32] . These Y-links are also thought to be involved in regulating entry into the ciliary compartment, and Y-link formation seems to be dependent on MKS protein function [4, 32] . Although Y-links have been observed in the transition zone of some insect sensory cilia [46] , they have not been identified in Drosophila. Still, electron microscopy of Drosophila spermatids identifies vague links between the axoneme and the ciliary cap membrane [18] , implying that structural connections between the axoneme and ciliary cap membrane are also present in migrating transition zones. Indeed, we observed similar vague links in our analysis of both the Drosophila ciliary cap base and sensory cilium transition zone ( Figure S5 ).
Similar to Drosophila, mammalian spermatid axonemes also contain a segment that is exposed to the cytoplasm. Distal to this segment, the axoneme resembles a compartmentalized cilium and is closely associated with a membrane of distinct composition [17, 40] . However, it was unknown whether a transition zone defines these distinct axoneme segments in mammalian spermatids. Our finding that CEP290 and MKS1 localize to the boundary of cytoplasmic and membrane-bound axoneme segments in mouse spermatids suggests that, similar to Drosophila, the distal, growing region of mammalian spermatid axonemes is also compartmentalized.
Although axoneme compartmentalization is a defining characteristic of cilia, it has remained unclear if compartmentalization is essential for cilium formation or if it is instead required to satisfy ciliary functional requirements. Our observations suggest that compartmentalization is a conserved feature of ciliogenesis that is required for the integrity of axoneme assembly. Although the axoneme may be exposed to the cytoplasm after its initial formation, the process of axoneme assembly must occur within a distinct cellular environment. The transition zone may also play a direct role in axoneme assembly, and it has previously been proposed that the base of the ciliary cap confers 9-fold symmetry to the axoneme by organizing growing axonemal microtubules [18] . This idea is supported by the observation that ciliary cap axonemes of cep290 mecH are structurally destabilized. In summary, our findings demonstrate that the transition zone can migrate relative to the axoneme to sustain a compartment housing the site of axoneme assembly. We propose that axoneme compartmentalization is conserved as a prerequisite for proper cilium assembly and that the ciliary gate possesses a high degree of independence from the surrounding ciliary architecture to specify the location of the ciliary compartment along the axoneme.
Experimental Procedures
Statistical Methods
Statistical analyses were done with GraphPad Prism 5. A two-tailed, unpaired Student's t test (with samples of unequal variance) was used. Data are shown as mean 6 SEM. ***p < 0.001.
Detailed experimental procedures can be found in the Supplemental Information.
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